This theoretical article problematizes the access to disciplinary knowledge that different physics representations have the possibility to provide; that is, their disciplinary affordances. It is argued that historically such access has become increasingly constrained for students as physics representations have been rationalized over time. Thus, the case is made that such rationalized representations, while powerful for communication from a disciplinary point of view, manifest as learning challenges for students. The proposal is illustrated using a vignette from a student discussion in the physics laboratory about circuit connections for an experimental investigation of the charging and discharging of a capacitor. It is concluded that in order for students to come to appreciate the disciplinary affordances of representations, more attention needs to be paid to their "unpacking." Building on this conclusion, two questions are proposed that teachers can ask themselves in order to begin to unpack the representations that they use in their teaching. The paper ends by proposing directions for future research in this area.
I. INTRODUCTION
One of the keys to successful physics learning is for students to come to appreciate the usefulness of a range of physics representations for both quantitative and qualitative understanding [1] . What is meant by representations here are semiotic resources, which are the actions, materials, and artifacts that get used for communicative purposes. In this sense, every representation used in physics is intended to provide access to certain parts of disciplinary knowledge [2, 3] . Thus, all representations are partial in nature [4] . This partiality has two components. The first is an inherent partiality of the meaning that any single representation can convey [2, 4] . The second is a partiality that arises from the creation of powerful communicative resources in the discipline of physics that has taken place through an evolutionary rationalization of the information and meaning that any given representation is intended to convey [5] . This theoretical article is about the teaching and learning challenges that arise from students experiencing this partiality of representations, where important physics aspects are not initially discernible. These issues are educationally important because what creates a powerful communicative system for physics at the same time manifests in the difficulties students experience in terms of becoming "fluent" [2] (p. 28) in the disciplinary-specific representations [2, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . Theoretical details from the literature, together with the concept of disciplinary affordance [11, 12] , are used to underpin a case that physics representations need to be "unpacked" for students. A vignette from the student laboratory is used to illustrate the depth of the problem and a discussion of the rationalization of representations is used to offer a guiding conceptual framework for thinking about these challenges in physics.
II. THE POWER OF REPRESENTATIONS FOR PHYSICS

A. The disciplinary affordance of a representation
The function that a given representation fills in physics in terms of potentially providing access to disciplinary knowledge has been characterized as the disciplinary affordance of that representation [11, 12] . Compare, for example, solving a mechanics problem using a free-body diagram with using an equation such as Newton's second law. These representations are both similar and different in terms of the access to disciplinary knowledge that they provide. Which particular representation is the most appropriate for a given task depends partly on those aspects of the situation that are disciplinary relevant. From a physics point of view, the free-body diagram captures important aspects of a mechanics situation. However, in order to calculate a numerical answer, certain pieces of information need be "converted" into an equation for "treatment" [24, 25] . An experienced physicist will choose the most appropriate representation according to the task at hand-in other words, the representation with the most appropriate disciplinary affordance. An illustrative example of this situation is provided by Van Heuvelen [1] ; see Fig. 1 .
The pieces of information that are presented by different representations often overlap partly or entirely [2] , for example, the magnitude of a force given by a number and given in terms of the length of an arrow that is drawn to scale. In other cases pieces of information are presented by representations with unique disciplinary affordances. Compare, for example, the equation F ¼ mg (which makes possible the calculation of a numerical value of the gravitational force acting on a close-to-Earth object with known mass) with F g ¼ Gm 1 m 2 =r 2 , which makes possible this calculation at any distance r between the centers of masses of two objects with known masses. This "division of labor" between representations often makes the disciplinary affordance of constellations of representations more powerful than that of an individual representation; as McDermott [15] points out, "different representations emphasize different aspects of a concept" (p. 19). Airey and Linder [2] illustrate this using a hypothetical constellation of representations that is needed in order to experience an object of learning in a disciplinary way. Such a constellation of representations can be said to have a collective disciplinary affordance [16] , and is necessary (but perhaps not sufficient) to access all facets of a particular disciplinary way of knowing. A constellation of representations usually also facilitates the extension of meaning [26] , and the reduction or removal of ambiguous pieces of meaning [27, 28] .
B. "Rationalizing" communication: The increasing partiality of representations
There is a general tendency for representations to evolve by "packaging the knowledge that has developed over a long series of preceding arguments" [5] (p. 131). The history of physics provides ample evidence of how the inherent partiality of representations [4] has increased through an on-going process of rationalization. For an overt example, consider Einstein's [29] introduction of the meaning of the summation sign being incorporated into convention:
"A glance at the equations of this paragraph shows that there is always a summation with respect to the indices which occur twice under a sign of summation (e.g., the index ν in…½dx 0 σ ¼
, and only with respect to indices which occur twice. It is therefore possible, without loss of clearness, to omit the sign of summation. In its place we introduce the convention:-If an index occurs twice in one term of an expression, it is always to be summed unless the contrary is expressly stated" [30] (p. 121-122).
What Einstein meant here was that-providing users have achieved "fluency" with the summation representation-it suffices to write a i x i as a rationalization of P i a i x i . The rationalization of representations has been studied by linguists and multimodal discourse analysts. Their work describes how rationalization takes place across the full text of physics communication, that is, all forms of representations, including language, mathematics, and diagrams [26, [31] [32] [33] [34] . In order to offer a guiding conceptual framework for thinking about the rationalization of representations in physics, these are given consideration starting with the rationalization of scientific language [35] [36] [37] , which involves a number of processes. One of the processes contributing to this rationalization is the conversion of a verb into a noun through nominalization [38] . For a physics example, consider the verb "conserve." The nominalized form of this verb is "conservation." The benefit for physics of using the latter form is that the meaning of conservation can be extended in ways that facilitate further classification of conservation to create new associated concepts, such as conservation of energy, conservation of momentum, etc. The importance for students to purposefully begin to use nominalized terms in their learning has recently started to be explored [39] .
Nominalization often takes place in an integrated manner with other rationalizing processes, notably what in linguistics is characterized as rankshift [40] . Rankshift transforms a more complex unit of language to a less complex one, for example, the transformation of a clause (which in written language is the smallest kind of sentence-containing at least one verb) into a noun or a "nominal group" (which fills the role of a noun). The newly formed word (or group) can then be "embedded" in new clauses to efficiently construct meanings that could not otherwise be so efficiently constructed. For example, the clause "kinetic energy… is conserved" [41] (p. 300) can be rankshifted to form the nominal group "conservation of kinetic energy." This nominal group can then be used to fill the function of a noun in a sentence such as "…this approach is needed to avoid violation of the conservation of kinetic energy…" [42] (p. 71, italics ours). This example also illustrates how the rankshift or nominalization process can be iterated, whereby a nominal group, like "conservation of kinetic energy" mentioned above, can become embedded in an even larger nominal group such as, in the exemplar sentence just given, "violation of the conservation of kinetic energy."
A distinction can be made between the different examples above. In the example from Einstein, the rationalization is a manifestation of an economy of communication that characterizes physicists' representational practices. In the examples from language given later, the rationalization, in the form of nominalization and rankshift, is a process that contributes to extending the meanings [also called a "semogenic process" [43] (p. 17)] that can be made with language in scientific communication. (For further discussion of the role of nominalization in physics education, see Ref. [44] .) We propose that these two kinds of rationalization are positioned at opposite poles of a continuum of various rationalization types, between which it may be difficult to differentiate.
For a mathematics example of a rankshiftlike rationalization that is relevant to physics, consider the common physics practice of writing the vector components F x i þ F y j þ F z k simply as F. Doing so enables the composite force vector to be represented in a general way facilitating its use in more complicated equations. Often this practice also makes the notation less cumbersome, for example, when various operators, such as differential and integral operators, act on the mathematical expression of the force at hand. Consider, for example, the work done by the force F acting on an object moving along a trajectory C, which, in a kind of rankshifted form, becomes R C Fdr. Here, the formulation can be seen to be independent both of the parametrization of the problem and of the choice of coordinate system. In this way, the rankshifted or rationalized notation is extremely useful and can then be adapted to the particular circumstances at hand in various situations.
For the case of diagrams, consider the rationalization that occurs during the creation of free-body diagrams. An example can be seen in Fig. 1 . Here, the "parachutist" from the written text is first drawn in a two-dimensional sketch before being rationalized to a dot in the final diagram.
It should be noted that in both of the above examples, the rationalization process has led to a more generalized representation. However, from a student point of view, using such generalized representations is even more problematic since it calls for an in-depth understanding of how these representations relate to the particular situations at hand. This understanding is something that research has shown only develops over an extended period of time [17, 45, 46] .
III. EDUCATIONAL CHALLENGES EMERGING FROM REPRESENTATIONAL PARTIALITY
A. The appreciation of disciplinary affordances of representations: A learning challenge
While the rationalization of physics representations creates a powerful communicative system for physics, it manifests as a learning challenge for students who cannot discern important physics aspects that lie beyond what is directly discernible in the representations that are used in educational settings. Halliday [38] points out that, in language, a consequence of nominalization-which we have described as a constituent process in the rationalization of language, "is not loss of semantic distinction but ambiguity: the different possible meanings are still discrete. This mayindeed it often does-create problems for the learner, who has to guess right, often without realising there is more than one possible interpretation" (p. 228).
This means that although information may not be directly discernible when a rationalized wording is used, the wording still has a particular intended meaning. Thus, the recipient of the wording may need to infer extra information in order for the intended meaning to be appreciated [43] . For example, with respect to the sentence "Lung cancer death rates are clearly associated with increased smoking," Halliday [47] asks "What is lung cancer death rates: how quickly lungs die from cancer, how many people die from cancer of the lung, or how quickly people die if they have it? What is increased smoking: more people smoke, or people smoke more?" (p. 74) Rankshifting and nominalization may thus result in ambiguous messages for noninitiated readers. In our case, we argue that the more a representation has been subject to rationalization, enhancing its usefulness to physicists, the more inaccessible these parts of the information potentially become to students.
B. The appreciation of disciplinary affordances of representations: A teaching challenge
Despite extensive research showing that physics students experience many difficulties with representations (well documented in the field), teachers often do not easily appreciate the full extent of these difficulties. For example, Meltzer [10] notes that "the instructor's view of the ease or difficulty of a particular representation in a particular context might not match the views of a large proportion of students" (p. 473). This inability of physics teachers to judge the difficulties that a given representation may pose for students has also been reported by other researchers [15, 48, 49] . In this respect, Northedge [50] claims that "[university teachers'] thoughts are so deeply rooted in specialist discourse that they are unaware that meanings that they take for granted are simply not construable from outside the discourse" (p. 256). In other words, in many cases teachers have become so familiar with the disciplinary representations that they use that they no longer "notice" the learning hurdles involved in interpreting the intended meaning of those representations. Teachers may expect students to quickly become as fluent as they themselves are, and to appreciate the disciplinary affordances of the physics representations that they use. However, research shows that student fluency with representations is something that often needs an extended period of time to develop [17, 51, 52] .
The inverse relationship between the representations that make learning possible and the powerful rationalized representations used in the discipline creates challenges for the teaching and learning of physics. These challenges result from the use of rationalized representations in the intense flow of communication between teachers and students.
C. Towards meeting the challenges:
Unpacking representations
As we have pointed out, the general direction of the ongoing process of rationalization means that much of the intended meaning of representations is not immediately discernible. The challenge for the teachers then becomes to "reverse" the processes that contribute to this rationalization, e.g., through a kind of "reverse rankshift" [53] (p. 92), denominalization [44] , and "derationalization." Although none of these reversed processes are "natural," and therefore not described in any detail in the literature, they have been collectively known as unpacking [54] (cf. also Lemke's [32] "expansion"). For the purposes of this article, we are going to use this same term-unpacking-to capture the idea of going back through a process of rationalization (derationalization) in order for students to come to "see" the parts of intended meaning that are not directly discernible in the representation.
The unpacking approach to addressing the teaching and learning challenges that we have described is illustrated by this quote from Feynman, Leighton, and Sands [55] , who give consideration to the challenges that students face when encountering a new problem involving the divergence of a vector:
"…if you are trying to calculate the divergence of a vector, instead of just looking at ∇ · E and wondering what it is, don't forget that it can always be spread out as
If you can then work out the x, y, and z components of the electric field and differentiate them, you will have the divergence. There often seems to be a feeling that there is something inelegant-some kind of defeat involvedin writing out the components; that somehow there ought always to be a way to do everything with the vector operators. There is often no advantage to it. The first time we encounter a particular kind of problem, it usually helps to write out the components to be sure we understand what is going on. There is nothing inelegant about putting numbers into equations, and nothing inelegant about substituting the derivatives for the fancy symbols. In fact, there is often a certain cleverness in doing just that. Of course when you publish a paper in a professional journal it will look better-and be more easily understood-if you can write everything in vector form. Besides, it saves print" (p. 6-4).
The central parts of our argument are (i) that rationalization of a representation contributes to the creation of powerful communicative resources for physics, and (ii) that the educational downside of such rationalization of representations is that pieces of information become no longer directly discernible. Based on the theoretical background given in this article, we propose that the unpacking of representations constitutes an important aspect of (experientially) coming to appreciate the disciplinary affordances of representations. Such "unpacking" of a representation would make discernible those pieces of information that were initially inaccessible to students, due to the overt or covert rationalization that has occurred.
In the following vignette we will illustrate important aspects of our proposal regarding how representational rationalization that is powerful for physicists and engineers at the same time involves learning challenges for students and undermines their discernment of relevant physics aspects.
IV. AN ILLUSTRATIVE VIGNETTE FROM THE STUDENT LABORATORY DEALING WITH AN RC CIRCUIT
Physics education research literature has shown that students typically find electric circuits a challenging part of their physics learning experience [52] [53] [54] [55] [56] [57] [58] [59] [60] . In the following illustrative vignette, students taking an introductory university course on electromagnetism are working with electric circuits in the student laboratory. As indicated by discussions we have had with laboratory assistants, students in this part of the course invariably experience difficulties connecting the electric circuits appropriately.
A. The laboratory exercise
The data on which this vignette is based were collected when a group of three students engaged in a laboratory exercise to experimentally study the charging and discharging of a capacitor using an oscilloscope (see the laboratory instruction in the Appendix). The students' work was video recorded with a hand-held camera, and in order to get better sound quality, the audio data were collected using a separate microphone. The audio data were transcribed verbatim, and the different ways the students connected the oscilloscope and a signal generator into their circuit were carefully reconstructed in the laboratory. Photographs were taken of both the circuit reconstructions and of the oscilloscope screen output for each of the reconstructed connections (comparisons were made with the video data to make sure that the outputs we obtained accurately matched those of the students). The relationships between the students' connections and a given circuit diagram (Fig. 2) were further documented by inserting red and black colored dots into the diagram to represent the red and black colored connectors that were used [61] . The audio data, the video data (giving due consideration to any pointing gestures that were captured in the video), and the matched reconstructions were simultaneously brought together to generate our understanding of the sequence of events [62] [63] [64] [65] [66] .
The exercise began with the students choosing an appropriate capacitor and resistor and connecting them to a function generator and an oscilloscope according to the electric circuit diagram in Fig. 2 . An appropriate frequency of a prescribed square wave from the function generator also had to be chosen, so that a sufficient part of the charging and discharging process could be observed on the oscilloscope. The voltages across the function generator output and across the capacitor were to be measured using two different oscilloscope channels.
The electric circuit schematically depicted in the circuit diagram in Fig. 2 is a standard RC circuit: standing for a resistor-capacitor circuit. The circuit diagram itself is a typical representational format that is often used in electronics. However, in order to assemble the circuit appropriately in the laboratory, students need to take into consideration a number of aspects that are not directly discernible in the circuit diagram. For example, there is no information in the diagram as to which function generator or oscilloscope to use, and why. Also, the circuit diagram does not distinguish between the different cables that could be used. Instead, it is actually the equipment available in the laboratory that helps to reduce the options that the students have to choose from.
For oscilloscopes, coaxial cables are the preferred cable choice. This is because they are shielded, which makes them ideal for transporting a broad range of frequency signals (they have two separated conducting parts; an outer "shield" and an inner "core"). Coaxial cables generally have Bayonet Neill-Concelman (BNC) connectors at both ends. In some cases the coaxial cables have one end split into two separate parts (see Fig. 3 ). Although both of the mentioned types of coaxial cables were available in the laboratory, it was this second type of cable that was required in this exercise. This is because the available function generators and oscilloscopes needed cables to have BNC connectors whereas the capacitors and resistors required banana plugs. The split ends were colored red and black. By convention, red is connected to the inner conductor of the coaxial cable, which carries the signal, while black is connected to the common ground potential carried by the outer shield. Thus the signal is measured with reference to this common ground.
There are several aspects related to making the appropriate connections that the given circuit diagram (Fig. 2) does not explicitly present. For example, the location and the role of a circuit ground. The function of a circuit ground is to make sure that all devices that carry the same reference potential are connected to the same point in the circuit. In this way any signals (e.g., for the voltage input from the function generator and voltage output as measured over the capacitor) can be measured relative to this potential using the oscilloscope. Here, the outer shield of the coaxial cable (in our case, the black colored banana plug) fills the function of connecting an apparatus to the point of common "ground potential." The inner core of the cable carries the signal relative to this ground potential. Therefore, in this illustrative vignette, both channels of the oscilloscope and the signal generator would have to be connected to the circuit ground with the coaxial cables' black colored banana plugs. However, the location of this ground potential is, as mentioned, not indicated explicitly in the circuit diagram in Fig. 2 . In other words, the partiality of this representation does not allow it to provide "novices" access to this information. In a sense, this information has been rationalized away. Once a choice has been made regarding how to position the circuit ground, the signal cable from each device can be connected to an appropriate position as per the circuit diagram.
In sum, the schematic circuit diagram given in the instructions for the laboratory exercise does not provide any details of the cables and measurement equipment to be used, nor does it suggest where the circuit ground should be located (this information was not indicated anywhere else in the immediate laboratory environment). In contrast to being "salient features" [67] (p. 4), these features have been rationalized away, which (at some level of learning) renders the circuit diagram ambiguous. From a disciplinary insider's point of view this rationalization creates powerful meaning sharing with the minimum of "input." However, for a successful outcome of this laboratory exercise, students need to be aware of the detailed relationships between the components involved in the circuit and how this relates to the circuit diagram representation. (It should be noted here that for most students taking the course the fundamental conventions for connecting a circuit, including how to connect the oscilloscope and the function generator, was part of the curriculum of an earlier course on measurement techniques.)
We will now present excerpts from the data where the three students Ben, George, and Will (pseudonyms) attempt to (a) connect the circuit and (b) get the appropriate signal to show on the oscilloscope screen. These excerpts present the sequential development of how the students connected their circuit. The video data will be presented in a form of "multimodal transcription" [68, 69] ] that involves the verbatim transcriptions and the situational illustrations of reconstructions of the laboratory setup.
B. Carrying out the laboratory exercise
Connecting the circuit
The students first selected the equipment that they needed in order to connect the circuit. Two of the students, George and Ben, started by connecting channel 1 and 2 of the oscilloscope, and the function generator, to a resistor and a capacitor. There was some initial confusion regarding which of the red or black colored banana plugs should be on which side of the capacitor as illustrated by Ben's comment "if it matters…." The students' first attempt at connecting the circuit is shown in Fig. 4 , and the resulting image on the oscilloscope screen can be seen in Table I (a). Notice that although this circuit is incorrect, the reasons for this incorrectness cannot be seen in the circuit diagram given in the laboratory instructions.
The students' circuit in Fig. 4 shows that the signal from the function generator has been connected to the reference potential of channel 1. It appeared as if the students were treating the red or black colored banana plugs as if they were connecting a voltmeter. Voltmeters are not connected to a common reference potential, but should be connected across the component, i.e., to each end of the component across which one intends to determine the voltage. However, voltmeters are not suitable for showing a visualization of rapidly varying voltages and therefore the oscilloscope was used for this laboratory exercise.
Simplifying the circuit
Having completed this first attempt to connect the circuit, the students struggled with getting the oscilloscope screen to show anything meaningful by, for example, trying different frequencies of the square wave input signal. This prompted Will to ask "Have we even connected it correctly?" while carefully examining their circuit. When the input signal did not show on the oscilloscope screen, they attempted to simplify their connections by connecting the function generator directly to the oscilloscope's channel 2 with a coaxial cable that had BNC connectors at both ends. They managed this by getting a BNC T connector (see Fig. 5 ) to simultaneously connect the function generator to the circuit with a split-end coaxial cable. The assumption being that the correct connections would be built into the two BNC connectors by default. This was in fact the case and the cable substitution reversed the polarity of the connection (see Fig. 6 ). Note, however, that the students could not observe this reversal since they no longer had red and black colored banana plugs to connect. Compounding this problem, the new circuit did not change the image on Table I (b) ]. This was due to the students' inappropriate oscilloscope settings.
Troubleshooting the circuit
Still not getting a good image on the oscilloscope screen, the students asked the teaching assistant (TA) for help. While waiting for the TA to arrive, Will and Ben had the following conversation:
Will: It is connected properly, right? Ben: Yes, I think so.
Will: It's the capacitor, the resistor, then we complete it, and then… When the TA arrived, the following conversation took place.
TA: What's the problem? Ben: First we would like to verify that we connected this correctly.
TA: Let me see…. Yes, now I see. I see one thing that is odd here. Ehm, it's like this, these [holding the cables entering the circuit from the function generator], have a grounding cable and a signal cable. The grounding in function generators and the oscilloscope… Ben: They should be the same. TA: [Still holding the cables entering the circuit from the function generator], …it is the same. So, in principle, what you do here is that you take the signal from the function generator and you run it directly to the ground. Then nothing happens. There is no current in the rest of the circuit. So you have to start by changing, changing their places. Then I suppose it is easiest to change the polarity of this [pointing at the red colored banana plug going to channel 1; see Fig. 6 ].
Following their understanding of the TA's advice, the students swapped the places of the red and black colored banana plugs to channel 1 across the capacitor, rendering the circuit connected as in Fig. 7 . Both the function generator and channel 1 were now connected to the same place in the circuit with red banana plugs. After this the students were able to get readable signals to show on the oscilloscope screen [see Table I 6 . A pictorial and a diagrammatic representation of the students' circuit after they had connected the oscilloscope's channel 2 directly to the function generator. FG refers to the function generator and OC1 and OC2 refer to the oscilloscope's channel 1 and channel 2, respectively. As pointed out earlier, the OC2 connections took place by default through the use of the BNC T connector (see Fig. 5 ) .   FIG. 7 . A pictorial and a diagrammatic representation of the students' circuit after it had been corrected according to the TA's advice. Both "signal ends" of the cables were then connected to the same (equivalent) point in the circuit. FG refers to the function generator and OC1 and OC2 refer to the oscilloscope's channel 1 and channel 2, respectively.
Correcting the circuit
The signals from the two channels still did not look the way the students expected them to-they looked identical. Ben, referring to the images on the oscilloscope, said, Ben: But, they are exactly the same. TA: Mm. That means that there is not so much going on in the circuit. Why does it not? We can try either to change the capacitance, or we can change the frequency, and see if something happens.
After trying to change both the capacitance and the frequency, the two signals (input voltage and output voltage) still had identical forms on the oscilloscope screen [see Table I (d)]. The TA who had been observing this started to work on the circuit himself:
TA: We can try this. This can be… We'll let the signal go the other way so to speak-it can make a difference. Like so.
After the TA had completed the needed changes to the circuit; swapping the places of the red and black colored banana plugs, the circuit then looked as shown in Fig. 8 .
After making some input sensitivity adjustments to the oscilloscope that yielded images on the screen such as those in Table I Table I (e) shows the oscilloscope indicating a square signal from the function generator on channel 2, and a characteristic charging and discharging curve from the capacitor on channel 1. The students could finally get on with their measurements.
V. GENERAL DISCUSSION AND EDUCATIONAL IMPLICATIONS
Previous research has shown that students often experience difficulties interpreting and working with representations. In this article we have emphasized the teaching and learning challenges arising from the (increasingly) rationalized representations commonly used in physics education contexts. The vignette illustrates important aspects of these challenges. As was pointed out in Sec. III, A the rationalization of representations creates learning challenges for students in the form of ambiguous content. We argue that physics representations are "optimized" in the sense that the visual detail that they provide gets reduced to what physicists consider to be sufficient detail. For example, in our illustration the circuit diagram does not explicate any common ground. However, experienced users should be able to easily determine how it should be dealt with from the given context. While in this way rationalization sometimes makes a representation adaptable to a wider range of situations, in other cases its primary function is to further the economy of communication. For example, a reference to Einstein's summation convention would be sufficient for physicists to know the form of summation that is intended. Thus, in both of these instances, it is only as physicists have learned to take certain aspects of a representation for granted that these aspects then get rationalized away. This is something that needs to be taken into account when aiming to create optimal physics learning experiences.
To summarize, we argue that • unpacking representations is a vital aspect of coming to appreciate the disciplinary affordances of representations-of attaining a more comprehensive access to the disciplinary knowledge, • unpacking may need to take place through the use of multiple representations, since different representations have different disciplinary affordances, and, • procedural knowledge should not be taken to subsume conceptual knowledge about the underlying physics. While this article has made a theoretical argument about the rationalizations in physics representations that lead to important physics aspects not being initially discernible to students, a question remains regarding what approach teachers can take towards thinking about and addressing the learning challenges that arise from students having to face the partiality of such representations. The answer is not straightforward.
As we have pointed out, the rationalization of representations can be seen to be manifested in both teaching and learning challenges. For example, this could mean that teachers and students interpret representations differently. In our vignette this is illustrated by the students and the TA having somewhat different ideas of what is intended by the given representation (i.e., the circuit diagram). One way to approach the students' difficulty in appropriately interpreting the circuit diagram might be to say that the appropriate FIG. 8 . A pictorial and a diagrammatic representation of the students' circuit after the TA's second intervention. Both "grounding ends" of the cables were then connected to the same (equivalent) point in the circuit. FG refers to the function generator and OC1 and OC2 refer to the oscilloscope's channel 1 and channel 2, respectively. connection of cables is simply a matter of trial and error ("if it matters"-as one of the students in our example initially said). A more powerful approach might be to unpack the representation in order for the students to attain a conceptual understanding of the physics that could guide the appropriate connection.
In order to help students to discern what aspects are important in a physics context, we propose the educational need for unpacking representations be viewed as a joint teacher-student task. This task is about "coming to discern an aspect within the whole and relating it to other aspects, thus lending greater cohesion and detail to the phenomenon as a whole" [70] (p. 275). This would also entail "bringing certain aspects of [a] phenomenon, situation or construct to the fore while allowing other aspects to recede into the background" [70] (pp. 275-276).
What could this mean concretely for physics instruction? Using our vignette from the physics student laboratory as an example, we argue that a discussion of the following kind of questions would be necessary:
• • How can the notion of a "current going through the capacitor" [41] (p. 1129; 1188) be unpacked for students? We propose that physics teachers should "interrogate" the representations that they use by asking two questions:
(1) What inferred information (even if seemingly trivial) do the students need to learn to see in order to interpret a given representation in an appropriate, disciplinary manner for the given context of learning? (2) How aware are the students of this inferred information, and will they be able to effectively and appropriately work with this representation? We believe that by asking these questions physics teachers can start to develop fruitful ways to unpack the representations they use in their teaching for their students.
In summary, students need help to become aware of the critical physics aspects of a particular "phenomenon, situation or construct" [70] (p. 275). These aspects have often been rationalized out of the representations that we use in physics and as such they too easily get taken for granted. In order to gain access to these aspects of disciplinary knowledge, students need help with the unpacking of representations that can potentially provide this access.
In essence, the educational experience should allow students to work with representations in order to "discover" their disciplinary affordances. Teachers need to collaborate on creating lists of critical physics aspects, such as the illustrative list given above for the circuit diagram example. Equipped with such a list, teachers would need to find out if their students have become aware of these aspects-in other words, if they have come to appreciate the disciplinary affordances of the representations that are being used.
VI. FUTURE RESEARCH
We suggest that the theoretical proposal that we have made in this article about rationalized representations as powerful communicative resources for physics while, simultaneously, constituting both learning challenges and teaching challenges, has the potential to provide a theoretical framing for existing research based instructional methods, such as Ranking tasks [71, 72] , Tutorials [73] , Active Learning [74] , and Peer Instruction [75] . In our view, the power of these highly regarded methods can be seen to stem from their opening up of a space in which the disciplinary affordances of physics representations can be unpacked and disambiguated. As such, this paper also provides a theoretical framing for the development of new instructional strategies.
Our conceptual framework could be used to revitalize the field of scholarship of teaching and learning (see, for example, [76] for a historical overview). Here, one can envisage teachers sharing their experiences of challenges for teaching and learning and discussing them in terms of aspects that have been rationalized away in the representations that are commonly used in teaching.
Another area of future research is related to the development of student meta-representational competence (MRC) [51] , which could be an important complement to unpacking as a way for students to come to appreciate the disciplinary affordances of representations. MRC is defined as the "invention, critique, and understanding principles of operation" of representations [52] (p. 299). By practicing these skills in class, students could come to better appreciate the importance of rationalization of representations for powerful communication (see, for example, [77] ). Further work is needed to explore the complementary roles of these approaches.
Most importantly, we argue that further empirical research is needed in order to explore and document three interconnected questions:
(1) What are the disciplinary affordances of the representations that are commonly used in areas of physics where students appear to struggle? (2) In what ways might the individual disciplinary affordances of these representations be unpacked for students? (3) What is the critical constellation of representations [2, 78] that offers students the collective disciplinary affordance [16] needed for appropriate knowledge construction in these areas? We believe that going forward, the theoretical proposal that we have presented, and further empirical research to address these three questions, have the distinct potential to enhance our understanding of teaching and learning in undergraduate physics.
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APPENDIX THE LABORATORY INSTRUCTION FOR THIS PART OF THE LABORATORY EXERCISE
Charging and discharging process in an RC circuit using an oscilloscope.-
The purpose of the exercise below is to • Experimentally [study the] charging and discharging process of a capacitance using an oscilloscope. More rapid charging and discharging processes are best studied using the oscilloscope. Instead of a manual switch we then use a square wave generator, which gives a signal of the type of variable frequency. Note that the generator is called R i in Fig. 2 , referring to the generator's "internal impedance."
Preparations.-Assume that the square generator gives you a voltage between 0 and 5 V. Draw in a diagram UðtÞ how you expect the voltages U 2 ðtÞ and U 1 ðtÞ ¼ U C ðtÞ will look. (a) Connect an RC circuit to the square wave generator according to Fig. 2 . Use component boards with resistors and capacitors to be able to choose different values of R and C. Choose appropriate frequencies and appropriate R and C to be able to follow the whole charging and discharging process for a few different values of R and C. (b) The half time, in other words the time it takes for the capacitor voltage in an RC circuit to decrease to its half value during discharging, is given by T 1=2 ¼ ln 2 · RC ¼ ln 2 · τ, where τ is the time constant of the circuit. Measure the half time using the oscilloscope for a few different values of the time constant and compare with the theoretical value. Note that in this experiment the generator's out resistance R i (50Ω) and the oscilloscope's in resistance (∼1 MΩ) are part of the circuit. Choose R appropriately so that the effect of these can be neglected.
Assessment.- 
